Corrosion inhibitive performance of some thiophene derivatives during the acidic corrosion of carbon steel surface in 1 M HCl was investigated by chemical technique (weight loss) and electrochemical techniques (potentiodynamic polarization, electrochemical frequency modulation, and electrochemical impedance spectroscopy). The effect of temperature on the corrosion rate was investigated by the weight loss method, and some thermodynamic parameters for corrosion and adsorption processes were determined and discussed. The results show that the inhibition efficiency increased with the increase in inhibitor concentration and temperature. The adsorption of thiophene derivatives on the carbon steel surface obeys Langmuir adsorption isotherm. The obtained results indicated that the investigated compounds are chemically adsorbed on the steel surface. Potentiodynamic polarization studies showed that these compounds are mixed-type inhibitors and the results obtained from the techniques are in good agreement.
Introduction
Carbon steel has remarkable economic and attractive materials for engineering applications owing to its low cost, easy availability, and high mechanical strength. The use of inhibitors is one of the most practical methods to protect metals against acid attack. The most widely used acid inhibitors are organic compounds containing oxygen, nitrogen, and/or sulfur [1] [2] [3] [4] [5] . Acid inhibitors have many important roles in the industrial field such as a component in pretreatment composition, cleaning solutions, and in acidification of oil wells. Heteroatoms as sulfur, nitrogen, and oxygen as well as aromatic rings in their structure are the major adsorption centers. Some works have studied the influence of organic compounds containing nitrogen on the corrosion resistance of steel in acidic media [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] most organic inhibitors decrease corrosion rate by adsorption on the metal surface. To be effective, an inhibitor must also displace water from the metals surface to block active corrosion sites and interact with the anodic or cathodic reaction sites to retard the oxidation and/or reduction of corrosion reaction. So, the inhibition efficiency of organic compounds depends on the structure of the inhibitor, the characteristics of the environment, and so forth. Several organic compounds have been evaluated as corrosion inhibitors for carbon steel in acidic media, so the aim of this work is to study the inhibition properties of some thiophene derivatives for the corrosion of 1018 carbon steel in 1 M HCl. The main techniques were employed: chemical (weight loss) and electrochemical ones (potentiodynamic, electrochemical frequency modulation, EFM, and electrochemical impedance spectroscopy, EIS). These techniques were performed in 1 M HCl without and with the presence of the investigated compounds in the concentration range (0 to 12 × 10 −5 M).
Methods

Materials.
Rectangular specimens with dimensions 2 × 2 × 0.2 cm of carbon steel that is chemical composition can be seen from Table 1 . It was used for weight loss measurements. For electrochemical tests, the exposed surface area of metal was 1.00 cm 2 .
2 Journal of Metallurgy [19] . Table 2 shows the structures, names, molecular weights, and molecular formulas of these compounds.
Solutions.
Hydrochloric acid (37%), ethyl alcohol, and acetone were BDH grades and purchased from Algamhoria Co. (Egypt). Bidistilled water was used for preparing test solutions for all measurements.
Procedures Used for Corrosion Measurements
Weight Loss Tests.
Medium carbon steel specimens were mechanically abraded up to 1200 grades emery paper and degreased with acetone, rinsed with bidistilled water two times, and finally dried between filter paper. After weighting accurately, the specimens were immersed in 100 mL of 1 M HCl with and without different concentrations of thiophene derivatives. After different immersion times (30, 60, 90, 120, 150 , and 180 min) the carbon steel samples were taken out, washed with bidistilled water, dried, and weighted accurately. The experiments were done in triplicate and the average value of the weight loss was taken. The average weight loss of the three parallel carbon steel sheets could be obtained at required temperature. The inhibition efficiency (%IE) and the degree of surface coverage ( ) of the investigated inhibitors on the corrosion of carbon steel were calculated as follows [20] :
where o and are the values of the average weight loss in the absence and presence of the inhibitor, respectively.
Potentiodynamic Polarization Measurements.
Polarization experiments were carried out in a conventional threeelectrode cell with platinum gauze as the auxiliary electrode and a saturated calomel electrode (SCE) coupled to a fine Luggin capillary as reference electrode. The working electrode was in the form of a square cut from copper sheet of equal composition embedded in epoxy resin of polytetrafluoroethylene so that the flat surface area was 1 cm 2 . Prior to each measurement, the electrode surface was pretreated in the same manner as the weight loss experiments. Before measurements, the electrode was immersed in solution for 30 min. until a steady state was reached. The potential was started from −600 to +400 mV versus open circuit potential (Eocp). All experiments were carried out in freshly prepared solutions at 25 ∘ C and results were always repeated at least three times to check the reproducibility.
Electrochemical Impedance Spectroscopy Measurements.
Impedance measurements were carried out using AC signals of 5 mV peak to peak amplitude at the open circuit potential in the frequency range of 100 kHz to 0.1 Hz. All impedance data were fitted to appropriate equivalent circuit using the Gamry Echem Analyst software.
Electrochemical Frequency Modulation Technique.
EFM experiments were performed with applying potential perturbation signal with amplitude 10 mV with two sine waves of 2 and 5 Hz. The choice for the frequencies of 2 and 5 Hz was based on three arguments [21] [22] [23] . The larger peaks were used to calculate the corrosion current density ( corr. ), the Tafel slopes ( and ), and the causality factors CF-2 and CF-3 [24] .
All electrochemical experiments were carried out using Gamry instrument PCI300/4 Potentiostat/Galvanostat/Zra analyzer, DC105 corrosion software, EIS300 electrochemical impedance spectroscopy software, EFM140 electrochemical frequency modulation software, and Echem Analyst 5.5 for results plotting, graphing, data fitting, and calculating.
Results and Discussion
Weight Loss Measurements.
Weight loss of carbon steel was determined, at various time intervals, in the absence and presence of different concentrations of thiophene derivatives compounds (A, B, and C). The obtained weight loss time curves are represented in Figure 1 for inhibitor (A), the most effective one. Similar curves were obtained for other inhibitors (not shown). The inhibition efficiency of corrosion was found to be dependent on the inhibitor concentration. The curves obtained in the presence of inhibitors fall significantly below that of free acid. In all cases, the increase in the inhibitor concentration was accompanied by a decrease in weight loss and an increase in the percentage inhibition. These results lead to the conclusion that the compounds under investigation are fairly efficient as inhibitors for carbon steel dissolution in hydrochloric acid solution. Also, the degree of surface coverage ( ) by the inhibitor, calculated from (1), would increase by increasing the inhibitor concentration. In order to get a comparative view, the variation of the percentage inhibition (%IE) of the three inhibitors with their molar concentrations was calculated according to (2) . The values obtained are summarized in Table 3 . Careful inspection of these results showed that, at the same inhibitor concentration, the order of inhibition efficiencies is as follows: A > B > C.
Adsorption Isotherm.
One of the most convenient ways of expressing adsorption quantitatively is by deriving the adsorption isotherm that characterizes the metal/inhibitor/environment system. Various adsorption isotherms were applied to fit values, but the best fit was found to obey Langmuir adsorption isotherm that are represented in Figures 2, 3 , and 4 for inhibitors (A), (B), and (C), respectively; Langmuir adsorption isotherm may be expressed by the following: where is the concentration (mol L −1 ) of the inhibitor in the bulk electrolyte, is the degree of surface coverage ( = %IE/100), and ads is the adsorption equilibrium constant. A plot of / versus should give straight lines with slope equal to unity and the intercept is (1/ ads ). In order to get a comparative view, the variation of the adsorption equilibrium constant ( ads ) of the inhibitors with their molar concentrations was calculated according to (3) . The experimental data give good curves fitting for the applied adsorption isotherm as the correlation coefficients ( 2 ) were in the range (0.943-0.999). The values obtained are given in Table 4 .
These results confirm the assumption that these compounds are adsorbed on the metal surface through the protonated (N, S, and O) atoms or via the lone pair of electrons of (N, S, and O) atoms. The extent of inhibition is directly related to the performance of adsorption layer which is a sensitive function of the molecular structure. The equilibrium constant of adsorption ads obtained from the intercepts of Langmuir adsorption isotherm is related to the free energy of adsorption Δ ∘ ads as follows:
where 55.5 is the molar concentration of water in the solution in M −1 . Plot of (Δ The values of thermodynamic parameter for the adsorption of inhibitors (Table 5) can provide valuable information about the mechanism of corrosion inhibition. While an endothermic adsorption process (Δ ∘ ads > 0) is attributed unequivocally to chemisorption [27] , an exothermic adsorption process (Δ This indicates that an increase in disorder takes places from reactants to the metal-adsorbed reaction complex [28] . of different inhibitors concentrations was studied in the temperature range of 298-328 K using weight loss measurements. Similar curves were obtained for other inhibitors (not shown). As the temperature increases, the rate of corrosion increases; nevertheless, the inhibition efficiency of the additives increases as shown in Table 6 for inhibitor (A), the most effective one. Similar tables were obtained for other inhibitors (not shown). Table 6 illustrates that the adsorption is aided by increasing the temperature. This behavior proves that the adsorption of inhibitors on carbon steel surface occurs through chemical adsorption. Ivanov [29] considers the increase of %IE with increasing the temperature as the change in the nature of the adsorption mode; the inhibitor is being physically adsorbed at lower temperatures, while chemisorption is favored as temperature increases. Similar observations were reported by other authors [30] [31] [32] . 
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Kinetic-Thermodynamic Corrosion
Parameter. The activation parameters for the corrosion process were calculated from Arrhenius-type plot according to (5) as follows:
where * is the apparent activation corrosion energy, is the universal gas constant, is the absolute temperature, and A is the Arrhenius preexponential constant. Values of apparent activation energy of corrosion ( * ) for carbon steel in 1 M HCl shown in Table 7 without and with various concentrations of compound (A) determined from the slope of log( corr. ) versus 1/ plots are shown in Figure 6 . Inspection of the data shows that the activation energy is lower in the presence of inhibitors than in its absence. This was attributed to the slow rate of inhibitor adsorption with a resultant closer approach to equilibrium during the experiments at higher temperatures according to Hour and Holliday [33] . But Riggs and Hurd [34] explained that the decrease in the activation energy of corrosion at higher levels of inhibition arises from a shift of the net corrosion reaction from the uncovered part of the metal surface to the covered one. Schmid and Huang [35] found that organic molecules inhibit both the anodic and cathodic partial reactions on the electrode surface and a parallel reaction takes place on the covered area, but the reaction rate on the covered area is substantially less than that on uncovered area which is similar to the present study. The alternative formulation of transition state equation is shown in (6) as follows: where corr. is the rate of metal dissolution, ℎ is Planck's constant, is Avogadro's number, Δ * is the entropy of activation, and Δ * is the enthalpy of activation. Table 7 . The decrease in * with the increase in inhibitor concentration (Table 7) is typical of chemisorption. The positive signs of the enthalpies (Δ * ) reflect the endothermic nature of the steel dissolution process. Value of entropies (Δ * ) implies that the activated complex at the rate determining step represents an association rather than a dissociation step, meaning that a decrease in disordering takes place form reactants toward the activated complex formation [30, 36] . However, the value of (Δ * ) decreases gradually with increasing the inhibitor concentrations in all the acid media.
Electrochemical Measurements
Electrochemical Frequency Modulation Technique (EFM)
. EFM is a nondestructive corrosion measurement technique that can directly and quickly determine the corrosion current values without prior knowledge of Tafel slopes and with only a small polarizing signal. These advantages of EFM technique make it an ideal candidate for online corrosion monitoring [37] . The great strength of the EFM is the causality factors which serve as an internal check on the validity of EFM measurement. The causality factors CF-2 and CF-3 are calculated from the frequency spectrum of the current responses. It is important to note that between the peaks there is nearly no current response (<100 nA). The experimental EFM data were treated using two different models: complete diffusion control of the cathodic reaction and the "activation" model.
For the latter, a set of three nonlinear equations had been solved, assuming that the corrosion potential does not change due to the polarization of the working electrode [38] . The larger peaks were used to calculate the corrosion current density ( corr ), the Tafel slopes ( and ), and the causality factors (CF-2 and CF-3). These electrochemical parameters were listed in Table 8 . The data presented in Table 8 obviously show that the addition of any one of tested compounds at a given concentration to the acidic solution decreases the corrosion current density, indicating that these compounds inhibit the corrosion of carbon steel in 1 M HCl through adsorption. The causality factors obtained under different experimental conditions are approximately equal to the theoretical values (2 and 3) indicating that the measured data are verified and of good quality. The inhibition efficiencies %IE EFM increase by increasing the inhibitor concentrations and were calculated as follows from (7):
where o corr and corr are corrosion current densities in the absence and presence of inhibitor, respectively. The inhibition sufficiency obtained from this method is in the the following order:
Electrochemical Impedance Spectroscopy (EIS).
Impedance is a measure of the ability of a circle to resist the flow of electrical current. Electrochemical impedance is usually measured by applying an AC potential to an electrochemical cell and measuring the current through the cell. Surface properties, electrode kinetics, and mechanistic information can be obtained from impedance diagrams [39] [40] [41] [42] [43] . Figure 9 shows the Nyquist (a) and Bode (b) plots obtained at open-circuit potential both in the absence and presence of increasing concentrations of investigated compounds at 25 ∘ C. The increase in the size of the capacitive loop with the addition of investigated compounds shows that a barrier gradually forms on the carbon steel surface. The increase in the capacitive loop size (Figure 9(a) ) is enhanced, at a fixed inhibitor concentration, following the order: (A) > (B) > (C), confirming the highest inhibitive influence of compound (A). Bode plots (Figure 9(b) ) show that the total impedance increases with increasing inhibitor concentration (log versus log ). But log versus phase also Bode plot shows the continuous increase in the phase angle shift, obviously correlating with the increase of inhibitor adsorbed on carbon steel surface. The Nyquist plots do not yield perfect semicircles as expected from the theory of EIS. The deviation from ideal semicircle was generally attributed to the frequency dispersion [44] as well as to the inhomogeneities of the surface.
EIS spectra of the investigated compounds were analyzed using the equivalent circuit, Figure 12 , which represents a single charge transfer reaction and fits well with our experimental results. The constant phase element, CPE, is introduced in the circuit instead of a pure double layer capacitor to give a more accurate fit [45] . The double layer capacitance, dL , for a circuit including a CPE parameter ( 0 and ) was calculated from [46] 
where 0 is the magnitude of the CPE, = 2 max , max is the frequency at which the imaginary component of the impedance is maximal, and the factor is an adjustable parameter that usually lies between 0.50 and 1.0. From Nyquist plots (Figures 9, 10, and 11) , it was clear that the curves approximated by a single capacitive semicircles and showing that the corrosion process was mainly chargedtransfer controlled [47, 48] . The general shape of the curves is very similar for all samples (in presence or absence of inhibitors at different immersion times) indicating that there is no change in the corrosion mechanism [49] . From the impedance data (Table 9) , we concluded that the value of ct increases with increasing the concentration of the inhibitors and this indicates an increase in %IE EIS , which is in concord with the EFM results obtained. In fact the presence of inhibitors enhances the value of ct in acidic solution. Values of double layer capacitance are also brought down to the maximum extent in the presence of inhibitor, and the decrease in the values of CPE follows the order similar to that obtained for corr in this study. The decrease in CPE/ dL results from a decrease in local dielectric constant and/or an increase in the thickness of the double layer, suggesting that organic derivatives inhibit the iron corrosion by adsorption at metal/acid [50, 51] . The inhibition efficiency was calculated from the charge transfer resistance data from (10) [52] :
where ∘ ct and ct are the charge-transfer resistance values without and with inhibitor, respectively. Figures 13,  14 , and 15 show the potentiodynamic polarization curves of carbon steel dissolution in 1 M HCl in the absence and presence of different concentrations of inhibitor (A, B, and C) at 25 ∘ C. The numerical values of the variation of the corrosion current density ( corr. ), the corrosion potential ( corr. ), Tafel slopes ( and ), the degree of surface coverage ( ), and the inhibition efficiency were recorded in Table 9 . The inhibition efficiency and degree of surface coverage were calculated using
Potentiodynamic Polarization Measurements.
where o corr and corr are the uninhibited and inhibited corrosion current densities, respectively. The results of Table 9 indicate the following.
(1) The cathodic and anodic curves obtained exhibit Tafel-type behavior. Addition of thiophene derivatives increased both the cathodic and anodic overvoltages and inhibited both the hydrogen evolution and the anodic dissolution processes that are mixedtype inhibitors.
(2) The corrosion current density ( corr. ) decreases with increasing the concentration of the thiophene derivatives which indicates that these compounds act as inhibitors, and the degree of inhibition depends on the concentration and type of inhibitors present.
(3) The slopes of anodic and cathodic Tafel lines ( and ) were slightly changed by increasing the concentration of the tested compounds. This indicates that these inhibitors act as mixed-type inhibitors. Tafel lines are parallel, which indicates that there is no change of the mechanism of inhibition in the presence and absence of inhibitors.
(4) The orders of inhibition efficiency of all inhibitors at different concentrations as given by polarization measurements are listed in Table 9 . The results are in good agreement with those obtained from weight loss measurements.
Mechanism
The inhibition mechanism involves the adsorption of the inhibitor on the metal surface immersed in aqueous HCl solution. Four types of adsorption [53] may take place involving organic molecules at the metal-solution interface:
(1) electrostatic attraction between the charged molecules and the charged metal; The fact that the adsorption of inhibitors on C-steel surface proceeded via chemical adsorption indicates that the mechanism is consistent with the transferred electron from the inhibitor's molecule to the empty orbital of Fe in Csteel. In acid solution, the protonation of the inhibitors may occur easily, so it is difficult for the protonated compound to approach the positively charged carbon steel surface (H 3 O + /metal interface) due to the electrostatic repulsion. Since chloride ions have a smaller degree of hydration; thus, they could bring excess negative charges in the vicinity of the interface and favour more adsorption of the positively charged inhibitor molecules and the protonated compounds adsorbed through electrostatic interactions between the positively charged molecules and the negatively charged metal surface. We hereby propose that the mechanism involves the protonation of the nitrogen to form NH 3 + by HCl solution. Therefore, the cationic form of the inhibitors immersed in the acidic medium can compete with hydrogen proton (H + ) for the electrons on the metallic surface. Since the size of the inhibitor's cation is much larger than that of hydrogen molecule (due to the presence of the heterocyclic structures in the inhibitors), after the release of H 2 , the inhibitor returns to its neutral form with the electronegative group having a free electron pair that can facilitate its adsorption on C-steel surface. The adsorbed inhibitor can form complex with iron surface and then protect the metal against further corrosion attack by blocking its active sites by functional groups as C-S, C-O, N-H, O-H, and C=O and heterocyclic rings in their molecular structures. These functional groups have been reported in other literature as effective corrosion inhibitors [54, 55] .
The results show that compound (A) exhibits better performance because it has 7 centers of adsorption (5N, 1S, and 1O), so that it cover a wide area of the metal surface and protect it, also the presence of -CH 3 group which acts as donating group increases the electron density on the active centers, that leads to increase coverage surface, thereby giving higher inhibition efficiency.
Compound (B) has also 7 centers of adsorption (4N, 1S, and 2O from ester group). Due to the existence of ester group which in the presence of acidic media converts to carboxylic group, which attack C-steel surface but with increase temperature the reversible reaction takes place [19] and the formed organic acid convert to ester again. Compound (C) is less active than (A) and (B) because of its small molecular surface area (294.83), and t has 6 adsorption centers (5N and 1S). The presence of cyanide group (-CN) which acts as electron withdrawing group decreases the electron density on the active centers, which led to enhance the surface coverage, thereby giving lower inhibition efficiency.
Conclusions
From the results of the study the following may be concluded. (IV) The thermodynamic parameters revealed that the inhibition of corrosion by investigated compounds is due to the formation of a chemisorbed film on the metal surface.
(V) The adsorption of all investigated compounds onto steel surface follows the Langmuir adsorption isotherm model.
